The role of Toll-like receptor (TLR) signaling has attracted much attention in the development of hepatic inflammation and hepatocellular carcinoma (HCC). We herein sought to determine the role of TLRs and responsible cells in steatohepatitisrelated HCC. We used hepatocyte-specific Pten-deficient (Pten ⌬hep ) mice, which exhibit steatohepatitis followed by liver tumor formation, including HCC. We then generated Pten ⌬hep / Tlr4 ؊/؊ and Pten ⌬hep /Tlr2 ؊/؊ double-mutant mice and investigated the role of macrophages using reconstitution of bone marrow (BM)-derived cells, chemical depletion of macrophages, and isolated macrophages. Tlr4 but not Tlr2 deficiency in the Pten ⌬hep mice suppressed tumor growth as well as hepatic inflammation. Gut sterilization by an antibiotic mixture reduced the portal LPS levels as well as tumor growth in the Pten ⌬hep mice. Tumor growth was also decreased by reconstitution of BM-derived cells to Tlr4 ؊/؊ BM cells. In addition, chemical depletion of macrophages significantly reduced tumor size and numbers. Macrophages expressing Ly6C were increased in number, which was associated with inflammation and tumor progression in the Pten ⌬hep mice. Hepatic macrophages isolated from the Pten ⌬hep mice abundantly expressed the Ly6C gene and produced much more IL-6 and TNF␣ in response to LPS. These proinflammatory cytokines induced the proliferation of HCC cells as well as oval cells, putative cancer progenitor cells. Indeed, putative cancer progenitor cells emerged before the development of macroscopic liver tumors and then increased in number under sustained inflammation. TLR4 on macrophages contributes to the development of steatohepatitis-related HCC in mice.
research is required to elucidate the roles of macrophages in the development of HCC.
In this study, we sought to clarify the role of TLRs and to identify responsible cells in the process of tumor growth using hepatocyte-specific Pten-deficient (Pten ⌬hep ) mice, which share several features of human non-alcoholic steatohepatitis and HCC. Indeed, 50% of HCC lose Pten expression in human HCC (16) . Here, we demonstrate that TLR4 but not TLR2 activation promotes hepatic inflammation and tumor growth. In that process, hepatic macrophages contribute to the proliferation of putative cancer progenitor cells and tumor cells by producing proinflammatory cytokines.
Experimental Procedures
Generation and Handling of the Mice-Pten ⌬hep mice were generated by crossing albumin-Cre recombinase transgenic mice (The Jackson Laboratory, Bar Harbor, ME) and Pten fl/fl mice, as reported previously (17) . We then generated doublemutant mice, including Pten ⌬hep /Tlr2 Ϫ/Ϫ mice and Pten ⌬hep / Tlr4 Ϫ/Ϫ mice, by crossing Pten ⌬hep mice and Tlr2 Ϫ/Ϫ /Tlr4 Ϫ/Ϫ double-mutant mice (Oriental Yeast Co., Ltd. Japan). All mice had a C57Bl6 background and were given free access to food and water, under specific pathogen-free conditions, until the end of the experiments.
For gut sterilization, the mice were orally administered a well established antibiotics mixture (9, 18) containing ampicillin (1 g/liter), neomycin (1 g/liter), metronidazole (1 g/liter), and vancomycin (0.5 g/liter). Treatment with the antibiotics mixture was given from 8 to 48 or 72 weeks of age. To generate chimeric mice, liposomal clodronate was injected intraperitoneally to deplete hepatic macrophages 1 day prior to bone marrow (BM) transplantation. BM cells (1 ϫ 10 7 cells) obtained from Pten ⌬hep mice, Tlr2 Ϫ/Ϫ mice, and Tlr4 Ϫ/Ϫ mice were transplanted into Pten fl/fl mice and Pten ⌬hep mice via the tail vein after the recipient mice were lethally irradiated (10 gray). For macrophage depletion, 200 l of liposomal clodronate was injected intraperitoneally every 2 weeks from 24 to 48 weeks of age. Sensitivity to LPS was assessed using 10-week-old male mice injected with 1 mg of heat-killed Propionibacterium acnes (Van Kampen Group, Hoover, AL) intraperitoneally. After 7 days, 20 g of LPS (Sigma) was injected intravenously to the mice. The administration of LPS combined with P. acnes did not result in any deaths up to 36 h after the LPS challenge. For neutralization of oxidative stress in mice (48 weeks of age), N-acetyl-L-cysteine (20 mg/kg) was injected intraperitoneally 1 h prior to intravenous injection of LPS (40 g) . Blood samples were collected 6 h after the LPS injection and measured glutamic pyruvic transaminase (GPT) concentration. All animal experiments were approved by the Institutional Review Board of Akita University, Graduate School of Medicine.
Histological Examination and Immunocytochemistry for Ly6C-H&E and Sirius red staining were performed for a general histological assessment and evaluation of liver fibrosis, respectively. The non-alcoholic fatty liver disease activity score was determined as described (19) . The Sirius red-positive area was measured on 10 magnified (ϫ100) fields/slide and quantified using National Institutes of Health imaging software program. Immunohistochemistry was performed according to established protocols using primary antibodies ( Table 1) . F4/80-, Ly6C-, EpCAM-, PCNA-, and Ki67-positive cells were counted on 30 -50 high power (ϫ400) fields per slide, and cell numbers and the labeling index were compared. HCC and cholangiocellular carcinoma were diagnosed as tumor cell positivity for ␣-fetoprotein and cytokeratin 19, respectively. Regarding immunocytochemistry for Ly6C, F4/80-positive macrophages were separated from the Pten fl/fl mice and Pten ⌬hep mice using a magnetically activated cell sorting system according to the manufacturer's instructions. These F4/80-positive cells were subjected to immunofluorescent staining for Ly6C.
Gut Microbiota Composition Analysis-Stool samples were collected from each mouse and stored at Ϫ20°C until use. DNA was extracted from the stool using mechanical disruption with microbeads (20) . A subsequent analysis of the gut microbiota was performed using the terminal restriction fragment length polymorphism method, as reported previously (20) .
Measurement of GPT, LPS, TNF␣, IL-6, FFA, and Hydrogen Peroxidase Levels-The GPT, LPS, TNF␣, IL-6, FFA, and hydrogen peroxidase levels were measured using the transaminase C II kit (Wako Pure Chemical Industry Ltd., Osaka, Japan), ToxinSensor Chromogenic LAL endotoxin assay kit (GenScript, Piscataway, NJ), ELISA kits for TNF␣ and IL-6 (R&D Systems, Minneapolis, MN), NEFA C kit (Wako Pure Chemical Industry Ltd.), and hydrogen peroxidase assay kit (Cayman Chemical Co., Ann Arbor, MI) respectively, according to the manufacturers' instructions.
Quantitative Real Time PCR Analysis-RNA was extracted from the liver and cells using TRIzol (Life Technologies, Inc., Tokyo, Japan). The extracted RNA was subjected to reverse transcription and subsequent PCR using the listed primers (Table 2 ) and the LightCycler 480 SYBR Green I Master device (Roche Applied Science, Basel, Switzerland). The gene expression levels were normalized to that of 18S RNA as an internal control.
Cells and Treatment-Primary-cultured hepatocytes were isolated from the Pten fl/fl mice, the Pten ⌬hep mice, and the Pten ⌬hep /T4 Ϫ/Ϫ mice at 12 weeks of age. These hepatocytes were stimulated with or without 10 g/ml insulin and harvested at 20 min after stimulation for a Western blot analysis. Hepatic and peritoneal macrophages were isolated from the mice, as reported previously (21, 22) . After cell attachment, the macrophages were serum-starved for 16 h followed by treat- ment with up to 10 ng/ml of LPS. Huh 7 cells were used to isolate EpCAM-positive cancer cells. The EpCAM-positive cells were isolated using magnetically activated cell sorting (Miltenyi Biotec, Cologne, Germany) according to the manufacturer's instructions. Briefly, the Huh 7 cells were incubated with anti-EpCAM antibody-conjugated microbeads for 30 min at 4°C and then passed through a column equipped with a magnet after being rinsed with the provided buffer. Cells that passed through the column were regarded to be EpCAM-negative Huh 7 cells, and those trapped in the column were regarded to be EpCAM-positive Huh 7 cells. The EpCAM-positive oval cells were a generous gift from Professor Miyajima (University of Tokyo). Briefly, C57Bl/6 mice on a 3,5-diethoxycarbonyl-1,4-dihydrocollidine-containing diet were used for oval cell isolation. Double-positive cells for EpCAM and Trop2 were regarded to be oval cells, which were isolated from the non-parenchymal cell fraction after collagenase perfusion. The cells were isolated from injured mouse livers and established as a cell line that excluded cholangiocytes (23) . A cell proliferation assay was performed using an MTT assay kit (Millipore, Temecula, CA), according to the manufacturer's instructions. Western Blotting-Five to fifty micrograms of proteins were subjected to a Western blot analysis. The proteins were separated using a proper concentration of SDS gels and transferred to nitrocellulose membranes, followed by incubation with the primary antibodies (Table 1) .
Statistics-Differences between two groups were compared using the 2 test (tumor incidence, cell count), t test (samples for normal distribution), and Mann-Whitney U test (samples without a normal distribution). Differences between multiple groups were compared using one-way ANOVA (GraphPad Prism version 4.02; GraphPad Software); p values of Ͻ0.05 were considered to be statistically significant.
Results

Tlr4 Deficiency Delays the Progression of Liver Tumors in
Pten ⌬hep Mice-PTEN, a multifunctional phosphatase, regulates AKT signaling and functions as a tumor suppressor. Pten ⌬hep mice exhibit steatohepatitis and the subsequent development of liver tumors (17) . In the present experiments, macroscopic liver tumors emerged after 36 weeks of age and subse-quently expanded to infiltrate the entire liver with aging ( Fig.  1A ). First, we generated Pten ⌬hep /Tlr4 Ϫ/Ϫ and Pten ⌬hep / Tlr2 Ϫ/Ϫ double-mutant mice to determine whether TLR signaling is important for tumor progression. At 48 weeks of age, the incidence of macroscopic liver tumors in the Pten ⌬hep mice, the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice, and the Pten ⌬hep /Tlr2 Ϫ/Ϫ mice was 96.7% (n, 29/30), 76% (n, 19/25), and 100% (n, 18/18), respectively. Although the incidence of tumors in the Pten ⌬hep / Tlr4 Ϫ/Ϫ mice was significantly low at 48 weeks of age (p Ͻ 0.05), the incidence reached 100% by 72 weeks of age in all three groups. No liver tumors were found in the Pten fl/fl mice, Tlr4 Ϫ/Ϫ mice, or Tlr2 Ϫ/Ϫ mice until 72 weeks of age. The average maximum tumor size, number of tumors, and ratio of liver to body weight were smaller in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice than in the Pten ⌬hep mice and the Pten ⌬hep /Tlr2 Ϫ/Ϫ mice at both 48 and 72 weeks of age ( Fig. 1A) . These data indicate that Tlr4 deficiency delayed the progression of liver tumors.
We then compared the severity of background steatohepatitis to determine the association between tumor progression and inflammation. The Pten ⌬hep /Tlr4 Ϫ/Ϫ mice exhibited a slow progression of steatohepatitis. Although steatosis was not suppressed in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice, the degrees of inflammatory cell infiltration and hepatocytes ballooning were weak compared with that seen in the Pten ⌬hep mice (Fig. 1B) . A histological assessment of inflammation, the serum GPT levels, and the gene expression of proinflammatory cytokines were suppressed in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice versus the Pten ⌬hep mice (Fig. 1, B and C). Liver fibrosis became evident as inflammation persisted. Notably, the degree of liver fibrosis assessed on Sirius red staining and the gene expression levels of profibrogenic factors were also suppressed in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice (Fig. 1C ). In contrast, the Pten ⌬hep /Tlr2 Ϫ/Ϫ mice showed similar grades of steatosis, inflammatory cell infiltration, and liver fibrosis to those observed in the Pten ⌬hep mice (Fig. 1, B and C). Because a former study showed that epiregulin function is involved in TLR4-mediated tumorigenesis (12) , we examined the expression of epiregulin (ereg) and hepatocyte growth factor (hgf). The mRNA expression of ereg in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice was equivalent to that of the Pten ⌬hep mice (Fig. 2) . In contrast, the hgf expression was lower in the Pten ⌬hep /Tlr4 Ϫ/Ϫ 
mice versus the Pten ⌬hep mice (Fig. 2) . Thus, our model is different from the former chemical carcinogen-induced HCC model.
Gut-derived LPS Is a TLR4 Ligand in the Pten ⌬hep
Mice-Recent studies have demonstrated that gut microbiota is associated with the development of liver tumors (6) . Thus, we ruled out the possibility that alterations in the gut microbiota affected the tumor suppression seen in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice. Consequently, the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice showed a similar gut microbiota composition to the control AlbCre-negative Pten fl/fl mice, the Pten ⌬hep mice, and the Pten ⌬hep /Tlr2 Ϫ/Ϫ mice ( -mutant mice at 48 and 72 weeks of age. The tumor number, maximum tumor size, and liver to body weight ratio are shown in the right panel (48 weeks of age, n ϭ 18 -29; 72 weeks of age, n ϭ 10 each). B, histological assessment of non-tumor areas in the liver examined on H&E staining (48 weeks of age). The Pten ⌬hep /Tlr4 Ϫ/Ϫ mice displayed a similar grade of steatosis (upper panel), with reduced inflammatory cell infiltration (arrow) and hepatocyte ballooning (arrowhead). The non-alcoholic fatty liver disease activity score (right panel) was assessed by the grades of steatosis (Ste), inflammatory cell infiltration (Inf), and hepatocyte ballooning (Ball). Hepatic contents of triglyceride and FFA are shown in the right panel (n ϭ 10 each). C, immunohistochemistry for F4/80 and Sirius red staining. Serum GPT levels, the gene expression of proinflammatory cytokines and profibrogenic factors in the non-tumor liver tissue, and the Sirius red-positive areas are shown in the right panel (48 weeks of age, n ϭ 8 -10). In the gene expression analysis, the fold induction is shown compared with that observed in the control Pten fl/fl mice after normalization to the 18S RNA expression. Differences between multiple groups were compared using one-way ANOVA. The data are presented as the mean Ϯ S.E. *, p Ͻ 0.05. NS, not significant.
were higher than that measured in the control Pten fl/fl mice ( Fig. 3B) .
To determine the effect of gut-derived LPS, the gut was sterilized by an antibiotic mixture. Gut sterilization resulted in remarkable swelling of the cecum (Fig. 3C ), indicating that antibiotic treatment was effective. Although a small amount of gut microbiota was detected even after gut sterilization, the gut microbiota composition altered with a relative decrease in Gram-negative bacteria belonging to the Proteobacteria and Bacteroidetes phyla (Fig. 3A ). In addition, the antibiotic mixture reduced the LPS levels in the portal vein ( Fig. 3B ).
We then assessed tumor development and background steatohepatitis in the gut-sterilized mice. Gut sterilization decreased the number of macroscopic tumors, maximum size of the tumors, and liver to body weight ratio at 48 weeks of age (Fig. 4A ). The size of the largest tumor and ratio of liver to body weight remained smaller in the gut-sterilized mice at 72 weeks of age (Fig. 4A ). The tumor incidence in the antibiotic group showed a decreasing trend, although no significant differences were noted (data not shown). Gut sterilization also suppressed the grades of inflammatory cell infiltration and the incidence of hepatocyte ballooning, but not the severity of histological steatosis or the hepatic content of triglyceride at 48 weeks of age ( Fig. 4B ). Antibiotic treatment decreased the number of F4/80positive cells ( Fig. 4C ) and the serum GPT levels (Fig. 4C ). In addition, the antibiotic treatment attenuated subsequent liver fibrosis on Sirius red staining (Fig. 4C ). These data suggest that gut-derived LPS contributes to the pathogenesis of tumor progression and background inflammation.
FFA is a potential TLR4 ligand (22) . However, the hepatic FFA content was at similar levels between the Pten fl/fl mice and other mutant mice (Fig. 1B) .
TLR4 on Hematopoietic Cells Contributes to Tumor Growth by Inducing Inflammation-We subsequently sought to identify cells responsible for promoting inflammation and tumor growth via TLR4. To this end, we reconstituted hematopoietic cells by generating chimeric mice, in which BM cells lacking TLR were transplanted after the administration of lethal irradiation combined with the depletion of resident macrophages (9, 24) . Transplanting Tlr4 Ϫ/Ϫ BM cells resulted in the suppression of inflammatory cell infiltration in the Pten ⌬hep mice compared with that observed in the control BM or Tlr2 Ϫ/Ϫ BM cells ( Fig. 5A ). Consistent with the histological findings on H&E staining, the numbers of F4/80-positive cells and Ly6C-positive cells were decreased in the Tlr4 Ϫ/Ϫ BM-transplanted Pten ⌬hep mice ( Fig. 5A ). Transplanting Tlr4 Ϫ/Ϫ BM cells resulted in lower serum GPT levels ( Fig. 5A ) and the hepatic mRNA expression of Il-6 and Tnf (Fig. 5A ). At 48 weeks of age, the maximum tumor size in the Tlr4 Ϫ/Ϫ BM-transplanted Pten ⌬hep mice was small compared with that noted in the control mice ( Fig. 5B ), in which BM cells from the Pten ⌬hep mice were transplanted into the Pten ⌬hep mice. Precancerous adenomas, representative tumors in the Pten ⌬hep mice at 48 weeks of age, showed that the labeling index of PCNA-positive and Ki67positive cells was decreased in the Tlr4 Ϫ/Ϫ BM-transplanted Pten ⌬hep mice (Fig. 5C ). However, there were no significant differences in liver fibrosis (data not shown) or the incidence and number of tumors between the Tlr4 Ϫ/Ϫ BM-transplanted mice and the control mice (data not shown), indicating that TLR4 present on BM-derived cells partially contributes to tumor development. In contrast, the incidence, numbers, and size of tumors in the Tlr2 Ϫ/Ϫ BM-transplanted mice were equal to that seen in the control mice ( Fig. 5B ).
We also ruled out the possibility that TLR4 signaling in hepatocytes affects tumor development. A crucial mechanism by which Pten deficiency induces liver tumors is sustained activation of AKT. In this study, Tlr4 deficiency did not suppress AKT activation in hepatocytes (Fig. 6 ). In addition, AKT activation by insulin stimulation was equivalent between Pten ⌬hep hepatocytes and Pten ⌬hep /Tlr4 Ϫ/Ϫ hepatocytes. These data support the notion that TLR4 on non-parenchymal cells, including hematopoietic cells, promotes inflammation as well as the emergence of HCC in the Pten ⌬hep mice.
Hepatic Macrophages Contribute to the Tumor Growth in the Pten ⌬hep Mice-Of the various hematopoietic cells expressing TLR4, we focused on macrophages because these cells are a major source of proinflammatory cytokines, which promote the progression of steatohepatitis (21, 24) . Ly6C is a marker for inflammatory macrophages derived from the BM (25) . An immunohistochemical study showed that the number of Ly6Cpositive cells was increased in the liver of the Pten ⌬hep mice compared with the control Pten fl/fl mice. In contrast, the number of Ly6C-positive cells was decreased in the Pten ⌬hep mice treated with the antibiotics and the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice (Fig.  7A) . Indeed, mRNA expression of Ly6C in liver tissue was decreased in the Pten ⌬hep mice treated with the antibiotic and the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice (Fig. 7B ). As expected, hepatic macrophages isolated from the Pten ⌬hep mice showed an increased expression of Ly6C (Fig. 7C ). Of the F4/80-positive cells isolated from the Pten ⌬hep mice at 24 weeks of age, 73.2% of cells were stained for Ly6C (Fig. 7D) . However, less than 3% of Ly6C-positive cells was observed in F4/80-positive macrophages isolated from the Pten fl/fl mice at 24 weeks of age. These data suggest that Ly6C-positive cells were recruited into the liver, and the majority of Ly6C-positive cells were macrophages in the Pten ⌬hep mice. Although we examined macrophage M1 and M2 markers, macrophages from the Pten ⌬hep mice , arrows) and the number of tumors increased with age. Data for the tumor number, maximum tumor size, and liver to body weight ratio are shown in the right panel (48 weeks of age, n ϭ 10 -14; 72 weeks of age, n ϭ 10 each). Differences between two groups were compared using the Mann-Whitney U test. B, histological assessment of the liver on H&E staining (48 weeks of age). The Pten ⌬hep mice showed severe steatosis (upper panel), infiltration of inflammatory cells (arrows), and hepatocyte ballooning (arrowhead). The non-alcoholic fatty liver disease activity score (right panel) was assessed by the grades of steatosis (Ste), inflammatory cell infiltration (Inf), and hepatocyte ballooning (Ball). Hepatic content of triglyceride is shown in the right panel. Differences between two groups were compared using the t test. C, immunohistochemistry for F4/80 and Sirius red staining. Serum GPT levels and Sirius red-positive areas are shown in the right panel. Differences between two groups were compared using the Mann-Whitney U test. The data are presented as the mean Ϯ S.E. *, p Ͻ 0.05. NS, not significant.
expressed both M1 and M2 markers (Fig. 8) . Macrophages from the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice showed a lower expression of M1 markers; however, M2 markers demonstrated mixed data; the Il-10 expression was decreased, whereas the arginase expression was increased compared with those from the Pten ⌬hep mice. Thus, macrophages in the Pten ⌬hep mice and the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice were not clearly divided into M1 and M2 macrophages.
To confirm the role of macrophages in tumor growth, hepatic macrophages, including Ly6C-positive macrophages, were depleted via repeated injections of liposomal clodronate from 24 to 48 weeks of age. The injections of liposomal clodronate successfully depleted F4/80-positive cells as well as Ly6Cpositive cells in the liver (Fig. 9A ). As expected, the mRNA levels of macrophage markers and proinflammatory cytokines, including Il-6 and Tnf, were decreased by clodronate administration in the Pten ⌬hep mice (Fig. 9A ). Furthermore, macrophage depletion ameliorated histological improvement of steatohepatitis, including liver fibrosis examined on Sirius red staining, and lowered the serum GPT and the gene expression levels of profibrogenic factors (Fig. 9A) . As a result, this depletion significantly reduced the tumor size and number (Fig. 9B) . These data demonstrate that hepatic macrophages contribute to tumor growth as well as inflammation.
Macrophages in the Pten ⌬hep Mice Are Highly Susceptible to LPS through Oxidative Stress-Because the hepatic macrophage is a key player in tumor growth, we evaluated the response of macrophages to TLR4 ligand LPS. Freshly isolated hepatic macrophages from the Pten ⌬hep mice produced IL-6 without TLR ligand stimulation. In addition, hepatic macro- phages from the Pten ⌬hep mice produced much more IL-6 and TNF␣ in response to LPS than those obtained from the control Pten fl/fl mice (Fig. 10A) . These findings were observed even at 1 pg/ml LPS, a concentration of portal LPS noted in the Pten ⌬hep mice. In contrast, peritoneal macrophages showed a weak response to a low concentration of LPS (Fig. 10B ). In addition, peritoneal macrophages isolated from the control Pten fl/fl mice produced much more IL-6 and TNF␣ compared with the Pten ⌬hep mice in response to LPS stimulation (Fig. 10B) . These data indicate that hepatic macrophages in the Pten ⌬hep mice were highly susceptible to LPS. We then examined the sensitivity to LPS in vivo using mice primed with P. acnes, which enhances susceptibility to LPS (26) . Consequently, LPS challenge in the Pten ⌬hep mice primed with P. acnes resulted in further elevation of the serum IL-6, TNF␣, and GPT levels compared with that seen in the control Pten fl/fl mice (Fig. 10C) . Thus, hepatic macrophages in the Pten ⌬hep mice are highly susceptible to LPS in vitro and in vivo.
Because oxidative stress is a potential mechanism to enhance the sensitivity to LPS (27), we measured hydrogen peroxidase levels in the liver. Hydrogen peroxidase levels in the Pten ⌬hep mice were higher than in the Pten fl/fl mice at 48 weeks of age ( Fig. 10D) . LPS challenge to the Pten ⌬hep mice elevated the serum GPT levels (Fig. 10E ). By neutralization with anti-oxidant agent N-acetyl-L-cysteine, the serum GPT levels were decreased in the Pten ⌬hep mice stimulated with LPS (Fig. 10E) . These data indicate that oxidative stress enhances the sensitivity to LPS in the Pten ⌬hep mice.
Proinflammatory Cytokines Increase the Proliferation of Putative Cancer Progenitor Cells-It is well known that immature epithelial cells, such as oval cells (28) , emerge prior to the development of tumors in liver injury models, including Pten ⌬hep mice (29) . In addition, these cells are able to form tumors when transplanted into mice (30, 31) , indicating that these immature epithelial cells include cancer progenitor cells. Because EpCAM is used as a marker of oval cells (23) and cancer Differences between two groups were compared using the Mann-Whitney U test. The data are presented as the mean Ϯ S.E. *, p Ͻ 0.05. D, immunofluorescent staining for Ly6C. F4/80-positive macrophages were separated from mice using a magnetic activated cell separation system. These F4/80-positive cells were subjected to immunofluorescent staining for Ly6C. We also counted the number of Ly6C-positive cells in DAPI-positive cells. progenitor cells (32), we examined the distribution of EpCAMpositive cells in the Pten ⌬hep mice. EpCAM-positive epithelial cells emerged in non-portal areas of the Pten ⌬hep mice at 12 weeks of age and increased in number with aging. In contrast, EpCAM-positive cells were rarely detected at 12 weeks of age, and the increase was blunt, in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice (Fig.  11A ). Because macrophages contribute to tumor growth, we focused on the association between macrophages and putative cancer progenitor cells. The EpCAM-positive cells increased in number parallel to the F4/80-positive macrophage count (Fig.  11A) . These findings were observed in both the non-tumor areas and precancerous adenomas (Fig. 11A) . The immature cells were found to be highly proliferative, based on the PCNAand Ki67-labeling indices, in the Pten ⌬hep mice and less so in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice (Fig. 11B) . Therefore, macrophage-mediated inflammation is likely to induce the proliferation of EpCAM-positive cells in the Pten ⌬hep mice.
To determine the effects of proinflammatory cytokines on putative cancer progenitor cells, we subsequently examined the proliferation of EpCAM-positive oval cells isolated from injured liver (23) and Huh 7 cells, a human HCC cell line. Consequently, IL-6 promoted the proliferation of oval cells (Fig.  11C ). In addition, we isolated EpCAM-positive cells from Huh 7 cells (Fig. 12) , which have features of cancer progenitor cells (32) . Notably, the EpCAM-positive Huh 7 cells increased in number in response to both IL-6 and TNF␣ (Fig. 11C) , and IL-6 promoted the proliferation of EpCAM-negative Huh 7 cells. These data demonstrate that proinflammatory cytokines induce the proliferation of putative cancer progenitor cells as well as HCC cells.
In contrast, LPS had little effect on the proliferation of oval cells or Huh 7 cells (data not shown) and did not induce the expression of proinflammatory cytokines, including IL-6 and TNF␣, in the EpCAM-positive oval cells or Huh 7 cells (data not shown). These data suggest that macrophage-derived proinflammatory cytokines contribute to cell proliferation.
TLR4-mediated Inflammation Promotes HCC Development-Finally, we examined the histological differences of the tumors between the Pten ⌬hep mice and Pten ⌬hep /Tlr4 Ϫ/Ϫ mice. Most tumors observed at 48 weeks of age were precancerous adenomas, and HCC and cholangiocellular carcinoma were subsequently observed until 72 weeks of age (Fig. 13, A and B) . We measured the areas of these tumors and found the most frequent tumor to be adenoma (70.2%), followed by HCC (26.7%), and cholangiocellular carcinoma (3.1%) in the Pten ⌬hep mice at 48 weeks of age ( Fig. 13B) . At 72 weeks of age, the sum of the area had increased for all three types of tumors ( Fig. 13B ). Of the tumor types, the proportion of HCC (46.8%) was dramatically increased, whereas that of adenoma (47.7%) was decreased in the Pten ⌬hep mice. In contrast, the area of the HCC lesions was far smaller in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice at 48 weeks of age (6.17%). At 72 weeks of age, the increase in the number of HCC lesions was blunt, with the proportion of HCC lesions remaining at 21.7%, in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice (Fig. 13B ).
Discussion
We herein demonstrated that TLR4 signaling promotes hepatic inflammation as well as subsequent tumor development in the Pten ⌬hep mice. Antibiotic treatment suppressed FIGURE 9 . Hepatic macrophages contribute to tumor growth in the Pten ⌬hep mice. A, Pten ⌬hep mice were injected with control liposome or liposomal clodronate (n ϭ 6 -8 each). Representative photographs of liver sections (48 weeks of age) are shown. Inflammatory cell infiltration (H&E, F4/80, Ly6C) and liver fibrosis (Sirius red staining) were reduced by clodronate treatment. The gene expression of macrophage markers, proinflammatory cytokines, and profibrogenic factors and the serum GPT levels are shown in the right panel. The fold induction is shown after normalization to the 18S RNA expression. Differences between two groups were compared using the Mann-Whitney U test. B, representative photographs of the liver. The arrow shows liver tumors (48 weeks of age). The tumor number, maximum tumor size, and liver to body weight ratio are shown in the right panel. Differences between two groups were compared using the Mann-Whitney U test. The data are presented as the mean Ϯ S.E. *, p Ͻ 0.05. NS, not significant tumor growth in association with a decreasing LPS level in the portal vein, indicating that the gut microbiota serves as a source of a TLR4 ligand. In addition, LPS challenge enhanced the degree of liver injury in the Pten ⌬hep mice, in which macrophages were highly sensitive to LPS. Proinflammatory cytokines produced by macrophages promoted the emergence of putative cancer progenitor cells and the development of HCC. These data are in accordance with the findings of former reports showing that the LPS-TLR4 pathway promotes the progression of non-alcoholic steatohepatitis (8) and liver tumors (12) , in which resident macrophages and hepatic stellate cells are key players, respectively. In this study, we demonstrated that recruited macrophages expressing Ly6C also play a role in tumor development.
Our initial hypothesis was that TLR2 signaling additionally promotes inflammation as well as tumor growth. However, Tlr2 deficiency did not protect against liver injury in the Pten ⌬hep mice. Similar findings were also observed in another tumor-bearing mouse model using diethylnitrosamine plus carbon tetrachloride (12) . The role of TLR2 is not always equal to that of TLR4, although they share a common signaling pathway via MyD88. Indeed, former reports using Tlr2 Ϫ/Ϫ mice showed oppositional results in experimental steatohepatitis models; TLR2 deficiency reduced hepatic inflammation in mice on a choline-deficient diet (24) or on a high fat diet (33) but not those on a methionine and choline-deficient diet (34) . In the case of Tlr2 Ϫ/Ϫ mice on a methionine-and choline-deficient diet, sensitivity to LPS increased, which resulted in severe inflammation. Oxidative stress is a potential mechanism that increases sensitivity to LPS in the setting of steatohepatitis (27) . Indeed, the Pten ⌬hep mice exhibited higher levels of oxidative stress (17) and increased sensitivity to LPS. Paik et al. (35) reported that a higher concentration of ligands is required to activate TLR2 versus TLR4, suggesting that LPS activates TLR4 FIGURE 10 . Macrophages in the Pten ⌬hep mice are highly susceptible to LPS. A, hepatic macrophages isolated from the Pten fl/fl and the Pten ⌬hep mice were stimulated with LPS at the indicated concentration. The concentrations of IL-6 and TNF␣ in the supernatant are presented (n ϭ 4 each). B, peritoneal macrophages isolated from the Pten fl/fl and the Pten ⌬hep mice were stimulated with LPS at the indicated concentration. The concentrations of IL-6 and TNF␣ in the supernatant are presented (n ϭ 5 each). C, mice primed with P. acnes were injected with LPS (n ϭ 10 each). The serum IL-6, TNF␣, and GPT levels are presented as the indicated time points. D, hydrogen peroxidase content in non-tumor liver tissue (n ϭ 5 each, 48 weeks of age). E, serum GPT levels in the Pten fl/fl and the Pten ⌬hep mice stimulated with LPS after treated with or without the anti-oxidant N-acetyl-L-cysteine. Serum samples were collected at 6 h after the LPS injection (n ϭ 4 each). Differences between two groups were compared using the Mann-Whitney U test. The data are presented as the mean Ϯ S.E. *, p Ͻ 0.05. NS, not significant. signaling before TLR2 ligands reach sufficient concentrations to stimulate TLR2. As a result, TLR4 signaling may compensate for the lack of TLR2 signaling in the Pten ⌬hep mice.
Macrophages expressing Ly6C are BM-derived macrophages that contribute to the development of liver diseases, including steatohepatitis (36, 37) . We demonstrated here that Ly6C-positive macrophages were also associated with the development of liver tumors in the Pten ⌬hep mice. Indeed, Ly6C-positive macrophages were rarely observed in the normal liver, suggesting that Ly6C-positive macrophages were recruited from the FIGURE 11 . Inflammation increases the proliferation of putative cancer progenitor cells. A, immunohistochemistry for EpCAM and F4/80 in nontumor areas (28 weeks of age) and precancerous adenoma (48 weeks of age). The numbers of EpCAM-positive cells and F4/80-positive cells in non-tumor tissue are shown in the right panel. Because the number of EpCAM-positive cells was small until 28 weeks of age, we randomly selected 50 fields and counted the frequency of fields, in which EpCAM-positive cells are observed. The numbers of F4/80-positive cells per field are shown. B, immunohistochemistry for PCNA and Ki-67 in non-tumor areas (28 weeks of age) and precancerous adenoma (48 weeks of age). The labeling index of PCNA-and Ki67-positive cells is shown in the right panel. The 2 test (EpCAM cells in 28 weeks, Ki67-and PCNA-positive cells) and the Mann-Whitney U test (EpCAM-positive cells in adenomas, F4/80-positive cells) were used for statistical analysis. C, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. The cells were treated with 10 ng/ml IL-6 or 10 ng/ml TNF␣ for 24 or 48 h. Eight wells were measured, and the values were compared with those observed in the non-treatment group. Differences between multiple groups were compared using one-way ANOVA. The data are presented as the mean Ϯ S.E. *, p Ͻ 0.05. circulation during the progression of liver injury. Our data further demonstrated that chemical depletion of macrophages, including Ly6C-positive macrophages and Kupffer cells, suppressed inflammation as well as tumor growth compared with those observed in chimeric mice. We previously reported that depletion of Kupffer cells ameliorated the severity of steatohepatitis (38) . These data suggested that resident macrophage Kupffer cells also contribute to inflammation as well as tumor progression. Macrophage polarization to M1 and M2 is often used to characterize macrophages, in which M1 macrophages exhibit an inflammatory phenotype, and M2 macrophages are alternatively activated, including an anti-inflammatory phenotype. We speculated that hepatic macrophages in the Pten ⌬hep mice predominantly polarize to the M1 phenotype than the M2 phenotype compared with those in the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice. However, this polarization was not observed in the Pten ⌬hep mice. Although M1 macrophages likely show a similar phenotype to Ly6C-positive macrophages and may include Ly6C-positive macrophages, the relationship between M1 macrophages and Ly6C-positive macrophages remained unclear.
Hepatic macrophages are the principal cells that produce "cancer-promoting cytokines," including IL-6 and TNF␣, in response to LPS. Hepatic macrophages in the Pten ⌬hep mice produced higher levels of these cytokines compared with those in the Pten fl/fl mice. In addition, hepatic macrophages in the Pten ⌬hep mice responded to a low concentration of LPS compared with peritoneal macrophages in the Pten ⌬hep mice. These data demonstrated that hepatic macrophages in the Pten ⌬hep mice were highly susceptible to LPS. Because of the lack of TLR4 signaling in macrophages, the expression of these cytokines was decreased in the tumor-suppressed groups, including the Pten ⌬hep /Tlr4 Ϫ/Ϫ mice and Tlr4 Ϫ/Ϫ BM-transplanted chimeric mice, compared with the control mice. In addition, macrophage depletion suppressed tumor development in association with decreasing levels of these cytokines. Hepatic macrophages also contribute to tumor growth in the diethylnitrosamine-induced HCC model by producing IL-6 and TNF␣ (39) . A lack of these cytokines results in a reduction in the incidence of HCC (40) . IL-6 and TNF␣ have been reported to induce the proliferation of oval cells (41, 42) , putative cancer progenitor cells that emerge in severe liver injury. In addition, IL-6 is a key cytokine in the development of HCC (43) . In this study, we showed that IL-6 induces the proliferation of oval cells and Huh 7 cells. In vivo, epithelial cells expressing the stem cell marker EpCAM emerged in the non-tumor tissue and increased in number under the condition of sustained inflammation in the Pten ⌬hep mice. Cancer progenitor cells are observed in Pten ⌬hep mice prior to tumor development (29) , and isolated cancer progenitor cells are capable of promoting tumor formation (30) . Hence, the proinflammatory cytokines produced by macrophages contributed to tumor growth by inducing the proliferation of cancer progenitor cells and tumor cells in the Pten ⌬hep mice.
Although we focused on the role of macrophages in the development of steatohepatitis and liver tumors, we considered that TLR4 on other cells also assists in tumor growth in the Pten ⌬hep mice. For instance, TLR4 present on hepatic stellate cells, principal cells that produce collagen, has been reported to promote tumor growth in another tumor-bearing model (12) . Hepatic stellate cells may contribute to hepatic tumor development in the Pten ⌬hep mice for the following reasons: 1) liver fibrosis progressed as the liver tumors grew; 2) transplantation of Tlr4 Ϫ/Ϫ BM cells into the Pten ⌬hep mice showed a partial effect on tumor suppression, in which liver fibrosis was not attenuated; and 3) macrophage depletion after established liver fibrosis had a smaller effect on tumor suppression (data not shown). In the Pten ⌬hep mice, liver fibrosis and activated hepatic stellate cells determined by the ␣-smooth muscle actin expression were rarely found in the early stage of tumor growth, suggesting that the contribution of hepatic stellate cells is relatively small in the early stage. Instead, sustained inflammation induced by macrophages was present prior to tumor development. Therefore, we speculate that macrophages contribute to the early stages of tumor growth, although hepatic stellate cells contribute to the late stages. Dapito et al. (12) demonstrated that hepatic stellate cells play a role in tumor promotion rather than initiation in an HCC-bearing model.
It is interesting to note whether oval cells, putative cancer progenitor cells, acquire the HCC phenotype in response to LPS. However, LPS stimulation increased the expression of ␣-fetoprotein, a marker for HCC, in EpCAM-positive Huh7 cells but not in isolated oval cells in this study (data not shown). Because cancer progenitor cells can form tumors when transplanted to the inflamed liver (31), additional factors are likely required for transformation into tumor lineage cells. In addition, the number of cancer progenitor cells may have been small in the oval cell line because oval cells are reported to be a heterogeneous population. Further examinations are thus required to clarify the tumorigenicity of oval cells.
In summary, gut-derived LPS induced inflammation via TLR4 on macrophages. TLR4-mediated inflammation subsequently promoted the expansion of putative cancer progenitor cells and may have induced differentiation into HCC. Currently, little information is available regarding the role of TLRs in the development of HCC. HCC is a good model of inflammation-related cancer, and the severity of inflamma-tion is associated with the progression of liver diseases (44) . Therefore, TLR4 is an attractive target for preventing HCC. 
